Neutrinos with energies in the PeV to EeV range produce upgoing extensive air showers when they interact underground close enough to the surface of the Earth. We study the possibility for detection of such showers with a system of very wide field-of-view imaging atmospheric Cherenkov telescopes, named CHANT for CHerenkov from Astrophysical Neutrinos Telescope, pointing down to a strip below the Earth's horizon from space. We find that CHANT provides sufficient sensitivity for the study of the astrophysical neutrino flux in a wide energy range, from 10 PeV to 10 EeV. A spacebased CHANT system can discover and study in detail the cosmogenic neutrino flux originating from interactions of ultra-high-energy cosmic rays in the intergalactic medium.
I. INTRODUCTION
The IceCube neutrino detector has recently marked the start of neutrino astronomy by reporting the discovery of an astrophysical neutrino signal. The spectrum of the signal, detected in the all-flavour high-energy starting events (HESE) with neutrino vertex contained in the detector volume, is consistent with a power-law 
within a broad energy range, 30 TeV< E < 2 PeV, and without signature of a high-energy cut-off [1] . The bestfit power law corresponds to a normalisation A = 6.7
and spectral index p = 2.5 ± 0.09. A somewhat harder slope p = 2.2±0.2 is found in the muon neutrino signal for upgoing muon neutrinos detected above ∼ 100 TeV [2] [3] [4] . The highest energy neutrino event observed thus far is an upward-moving muon track with zenith angle of 101 • with energy deposited (2.6±0.3)×10 6 GeV [5] . It has been speculated that this event may have been triggered by a ν τ , with an energy beyond 10 PeV and possibly up to 100 PeV [6] .
Low statistics of the signal prevents identification of its origin. It is possible that at least part of the flux originates in the Milky Way, as indicated by the 3σ evidence for anisotropy along the direction of the Galactic plane [7] and by the consistency of the neutrino spectrum with the spectrum of diffuse Galactic γ-ray emission [8] . It has also been suggested that some of the events may have originated from the Galactic center region [9] [10] [11] . However, shower events have poor angular resolutions to reveal their origin and so 4 yr data set is also consistent with isotropy [3] . A complementary indication for the existence of a Galactic component could also be derived from a tension between the measurement of the neutrino flux in the HESE [1] and muon track neutrino samples [2, 3] . These two event types sample different parts of the sky, with the HESE events having more exposure in the direction of the inner Galaxy and the muon neutrino flux sampling a low declination strip [12] . Finally, WaxmanBahcall energetics does not exclude a Galactic origin for a significant component of the IceCube flux [13] .
Independently of the presence or absence of the Galactic component of the astrophysical neutrino signal, a significant contribution to the flux could come from a population of extragalactic cosmic ray sources [14, 15] with active galactic nuclei (AGN) [16] [17] [18] [19] and star-forming and/or starburst galaxies [15, [20] [21] [22] [23] being the most discussed candidate source classes. For a review, see e.g. [24] .
Still another type of the astrophysical neutrino signal is generically expected to be produced by the interactions of ultra-high-energy cosmic rays (UHECR) with low energy photon backgrounds: the cosmic microwave back-ground (CMB) and the extragalactic background light (EBL) [25] [26] [27] [28] [29] . The flux level and spectral shape of this "cosmogenic" neutrino flux is determined by the elemental composition of the UHECR flux (proton or heavy nuclei dominated) and by the cosmological evolution of the UHECR source population [30] [31] [32] [33] .
A conventional approach for the detection of neutrinos with energies in the PeV range is based on detectors which use large volumes of ice (IceCube 1 ) or water (ANTARES 2 ) as the detector medium and sample Cherenkov light from tracks of muons produced by muon neutrinos, or from electron and tau lepton induced showers initiated by the charged current interactions of electron and tau neutrinos. Upgrades of existing detectors, such as IceCube Generation 2 [34] , and deployment of new detectors, such as KM3NeT [35] and GVD [36] , are expected to bring an improvement of sensitivity and increase of statistics of the astrophysical neutrino signal. Another technique which potentially provides higher sensitivity in the PeV-EeV energy range is that of detection of radio signal from the neutrino-induced particle showers in the detector medium. This technique is used by RICE [37] and is planned for the ARA [38] and ARIANNA [39] arrays.
An alternative technique is based on the observation of upgoing air showers (UAS) produced by the leptons originating from neutrino interactions below the Earth surface. It was previously introduced as a possible technique for detection of ultra-high-energy tau neutrinos [40] [41] [42] [43] [44] [45] . The neutrino induced UAS could be detected using a variety of detection methods: surface particle detector arrays and air fluorescence telescopes, like in the Pierre Auger Observatory [45] and the Telescope Array 3 , or radio detectors like ANITA [46] and the planned EVA [47] and GRAND array [48] . Still another possibility is to use the technique of Imaging Atmospheric Cherenkov Telescopes (IACT) which is widely used in comtemporary γ-ray astronomy. An IACT system capable to detect the neutrino-induced UAS should overlook the ground, e.g., the side of a mountain [49] [50] [51] .
In this paper we show that observations of ν τ induced UAS with an IACT system, named CHANT for for CHerenkov from Astrophysical Neutrinos Telescope, can be used for the study of the astrophysical neutrino flux at energies as low as 10 PeV and as high as tens of EeVs. The required sensitivity for detection of the astrophysical neutrino flux can be reached by lifting a telescope to high altitude, the top of a high mountain or on an ultra-long duration balloon flight, to monitor a large surface on the ground. The optimum possibility is to deploy the telescope in space to maximize the monitored surface area. Below we consider the details of the space-based CHANT system and discuss the highaltitude and balloon alternatives at the end. CHANT will also have sufficient sensitivity for the discovery and study of the challenging cosmogenic neutrino flux, even if the UHECR flux is dominated by heavy nuclei.
Throughout we assume that tau neutrinos constitute 1/3 or the overall neutrino flux from astronomical sources. This is expected under the conventional assumptions that neutrino production proceeds via the decay chain π + → µ + ν µ (and the conjugate process) , (2) e +ν µ ν e and that there is maximal mixing between muon and tau neutrinos. The decay chain may be complete in the sense that both decays indicated in Eq. (2) occur without significant change in the µ energy, or it may be incomplete, in which case the µ suffers possibly catastrophic energy loss before decay. Note that the minimum flux of tau neutrinos corresponds to the complete decay chain hypothesis. This is because taking the global best-fit mixing parameters [52] , a flavor ratio at Earth of ( f ν e : f ν µ : f ν τ ) = (0.93 : 1.05 : 1.02) ⊕ ≈ (1 : 1 : 1) ⊕ is expected for a (1 : 2 : 0) S source composition. For the incomplete decay chain, with flavor ratios at the source (0 : 1 : 0) S , the composition at Earth becomes (0.6 : 1.3 : 1.1) ⊕ . Antineutrinos can also be produced via neutron β-decay, yielding (1 : 0 : 0) S and after oscillations en route to Earth (1.6 : 0.6 : 0.8) ⊕ [53] . However, existing data disfavor a (1 : 0 : 0) S flavor ratio (with best fit (0 : 0.2 : 0.8) ⊕ ) [54] , and so our original assumption that ν τ constitute a third of the total neutrino flux is conservative.
II. NEUTRINO DETECTION WITH IMAGING ATMOSPHERIC CHERENKOV TELESCOPES
A. ν τ and τ propagation ranges Tau neutrino interacts inside the Earth on a distance scale
where σ νN 4 × 10 −33 E/10 17 eV 0.3 cm 2 is the interaction cross-section [55] and ρ is the density of the Earth medium (in what follows we adopt ρ = 1 g/cm 3 for water and ρ = 2.7 g/cm 3 for rock). A point worth noting at this juncture is that for E 1 EeV, perturbative QCD provides a robust framework to calculate the neutrinonucleon cross section [56] [57] [58] [59] . It is only when the fractional momenta x carried by the nucleon constituents become vanishingly small that the structure functions develop a ln(1/x) divergent behavior, which in turn results in a violation of unitarity bounds. Consequently, perturbative QCD predictions are expected to break down solely when the nucleon has an increasing number of partons with small x. For the center of mass energies relevant to our study, however, the neutrino-nucleon cross section can be calculated perturbatively with an accuracy of better than 10% when constrained by measured HERA structure functions, see e.g. Fig 13 in Ref. [60] .
The neutrino interactions could result in the production of an UAS if the interaction vertex is close enough to the Earth surface, within the propagation range of the tau lepton. Tau leptons with energies below E 10 17 eV propagate over the decay distance range
At higher energies, energy loss processes become important. The most important ones being the photonuclear scattering and e + e − pair production. Several groups of authors starting from Ref. [61] calculated those processes both, analytically assuming a continue loss approximation, and numerically using the stochastic approach [62] [63] [64] . Here we adopt the results of the stochastic calculation of Ref. [63] , which show that the characteristic distance on which a τ lepton loses half of its energy is
where χ ∼ 1 is a numerical factor which depends on the elemental composition of the medium and theoretical uncertainties from the calculation of the interaction cross-sections [55] . For rock, χ 1, and is twice as large for water. The energy loss distance becomes much shorter than the decay distance at the energies above ∼ 10 17 eV. Taus produced within the min(λ τ , l τ ) distance below the surface emerge in the atmosphere and decay producing an extensive atmospheric shower (EAS) of either hadronic (in 65% cases) or electromagnetic (with ∼ 18% probability) nature. In about 17% of the cases the tau lepton decays with production of a muon without an associated EAS [40, 65] .
B. Telescope setup
The mean free path of neutrinos with energies above PeV is shorter than the mean Earth radius r ⊕ = 6371 km. Thus, the neutrino induced UAS would typically have an elevation angle
The UAS emerging at largest elevation angles are produced by neutrinos passing unobscured at the maximal depth • overview of the strip below the Earth limb. Each CHANT module is a refractor telescope with 60
• wide FoV.
The angular width of a strip containing the detectable neutrino flux is about
where
is the distance to the horizon from a telescope situated at an altitude H. Note that the numerical estimate in Eq. (8) is not valid in the energy range below 10 17 eV because ∆ becomes macroscopically large.
The low elevation angle UAS could be detected by an IACT pointed at the strip of angular width ∆ just below the Earth horizon, as it is shown in the bottom panel of Fig. 1 . Obviously, the neutrino signal is maximised if a system of several wide Field-of-View (FoV) telescopes monitors the full 360
• strip below the horizon. Such a system could be realised as shown in the top and middle panels of Fig. 1 . These two panels show top and side views of a system consisting of six EUSO-type [66] refractor telescopes with the FoV 60
• wide. Each telescope is tilted with respect to the nadir direction, to have a 60
• wide part of the horizon strip in its FoV. Observations of neutrinos require the FoV of each telescope module to be 60
• × ∆, i.e., only a small part of the full available FoV 60
• in diameter is used for detection of the highest energy neutrinos.
A similar arrangement could be realised also with reflector type telescopes, conventionally used in the Cherenkov astronomy. However, this would possibly require a larger number of telescope modules, because the FoVs of reflector IACTs are typically much more narrow. An advantage of the reflector system is its larger optical throughput (close to 1, compared to 0.5 of the EUSO type optical system [66] ). Another advantage is technological: large optical reflectors are easier to produce, deploy, and operate than large multi-lens refractor systems. Still another option that could be used is a system employing modules with catadioptric Schmidt camera optical system like that of the ASHRA telescope [49] or the optical system of OWL telescopes [67] . This system potentially provides wide FoV and larger optical throughput combined with wider FoV.
Overall, the full focal surface instrumentation of the six modules of the CHANT system would be equivalent in the number of pixels, complexity, weight, and cost to that of the EUSO telescope. This assumes each of the six modules uses only a narrow strip of the area, 1/6 of the EUSO focal surface. To the contrary, a more complex optical system of CHANT (six modules instead of one, compared to EUSO) would lead to an increase of the mission cost and mass. In EUSO, the optics subsystem contributes about 19% of the instrument cost and mass budget 4 . Taking this estimate as an indication for the CHANT system adopting EUSO optical design, one could find that the optical system of the six modules of CHANT would contribute about half of the instrument mass and cost.
Below we consider a reference design with parameters summarized in Table II Similarly to other Cherenkov telescopes, CHANT will use the atmosphere as a particle detector. Proper interpretation of the EAS data would require control over the state of this detector, in particular of the optical properties of the atmosphere. These optical properties are affected by the presence of clouds and aerosols. Characterisation of the properties of the clouds and aerosols will require a dedicated Atmospheric Monitoring System, similar to that of the EUSO telescope [68] . This includes on-board instruments like LIght Detection And Ranging (LIDAR) device and an infrared camera complemented by the information provided by the Global Atmospheric monitoring data collected for meteorology and atmospheric research.
Contrary to EUSO which observes EAS events from the distance ∼ H in nadir direction, CHANT would detect strongly inclined upgoing EAS which occur at the distances about R hor . Larger distance and higher atmospheric column density in the direction of such events would require a more powerful laser for the LIDAR operating in the visible, rather than UV band. For example, a balloon-borne CHANT system would detect EAS at the distance R hor ∼ 600 km (see Eq. (9)) comparable to that of the observation distance of EUSO telescope. This implies that a balloon-born CHANT system would need a LIDAR with the laser pulse energy comparable to that of EUSO, to probe the atmosphere in the direction of each EAS candidate event. However, a spaceborne CHANT system would observe EAS from the distance up to 2 × 10 3 km, which is a factor 4 larger. This means that the required laser pulse energy should be an order-of-magnitude higher, compared to the EUSO or the balloon-borne CHANT.
An alternative possibility for the space-borne CHANT system would be not to use the LIDAR for the atmospheric probe on event-by-event basis, but, instead, to build a 3-d map of the optical properties of the atmosphere below the telescope. A dedicated LIDAR system able to scan the atmosphere over a 2000 km wide strip below the spacecraft, operating at a low Earth orbit, would provide a global 3d view of the cloud and aerosol coverage on a several orbit time scale (one or-bit is approximately T orb 90 min) by exploiting the Earth rotation. The strip monitored at each subsequent orbit is shifted by 2πr ⊕ (T orb /24 hr) 2500 km so that the strips monitored at subsequent orbits overlap. Scanning of a 2000 km wide strip could be done using a LIDAR equipped with a laser pointing system, and with a wide field-of-view infrared camera, as it is done in JEM-EUSO telescope [68] .
D. Effective area
The neutrino induced UAS are observable from an altitude H in the distance range (see Fig. 1 for geometrical notations)
is the distance to the UAS emerging at maximal elevation angles. The Cherenkov flux from an UAS is beamed in the forward direction. In the absence of scattering by aerosols, the characteristic beaming angle is α ∼ α Ch 1.4
• , about the Cherenkov angle in the atmosphere (Troposphere). An UAS which barely triggers the telescope camera is detectable only if the telescope is situated within the "Cherenkov pool" of the shower, a circle of area
Showers with energies well above the energy threshold could produce a detectable signal even if the observation angle is α > α Ch , because the angular distribution of Cherenkov light has tails interpolating between a powerlaw and an exponential function outside the Cherenkov cone α α Ch [69, 70] . The UAS start in the atmosphere anywhere within the decay length of the tau lepton λ τ . For strongly inclined UAS, with elevation angle θ E ∼ 5
• , the starting point of the shower is always within 1 km from the ground. This lowest layer of the atmosphere is characterised by the presence of aerosols. Typical vertical depth of the night time aerosols is τ aerosol (θ E = π/2) 0.1 over the ocean and twice as much over land [71] . The scale height of the aerosol layer is about h aerosol ∼ 1 km [71] . Strongly inclined showers suffer from significant scattering on aerosols, with the optical depth reaching τ aerosol / sin θ E ∼ 1. The scattering phase function of aerosols peaks in the forward direction, with a typical opening angle α aerosol ∼ 10
• [72] . Scattering by aerosols redistributes a fraction {1 − exp[−τ aerosol (θ E )]} of the UAS Cherenkov light homogeneously within a 
Comparison of direction-averaged effective area of a space-based CHANT in the ν τ detection mode with the effective area of IceCube telescope [3] . The blue curve shows the available observation solid angle (Ω ≤ 4π) as a function of energy.
cone with opening angle α ∼ α aerosol . The combined effect of the broadening of the viewing angle due to the aerosol scattering and lateral profile of Cherenkov light could be approximated by an "effective" UAS viewing angle, which scales with energy as
where κ is a scaling power that could be derived from a detailed numerical calculation. For a detector which is fully efficient at E thr (i.e., UAS at the distances up to R hor trigger the telescope), the geometric area grows with energy as
Not all the neutrinos passing through the geometric area A geom would produce a detectable UAS. The efficiency of conversion of neutrino into an UAS is determined by the ratio of the maximal possible depth of neutrino interactions to the neutrino mean free path
Substituting λ τ from (4) we find that in the energy range E < 10 18 eV a numerical estimate for p ν τ is
−3 E 10 17 eV 1.3 .
For neutrinos with energies well above 10 18 eV, the probability of interaction resulting in an upgoing EAS is
The product
determines the effective area for neutrino detection. The result of a numerical calculation of the effective area averaged over the solid angle Ω,
is shown in Fig. 2 . We have considered a reference telescope system consisting of a set of six refractor telescopes with diameter D tel = 4 m and optical efficiency χ = 0.1, placed at an altitude H = 300 km and overlooking a 30
• wide strip below the Earth horizon. In this calculation we have assumed that an UAS triggers the telescope if it produces an image of the size N thr = 20 photoelectrons. We assume that the tau lepton receives on average 80% of neutrino energy and its energy decreases by a factor of 3 after the energy loss length given by Eq. (5). We also take into account the fact that the electromagnetic part of the UAS contains only about 50% of the tau lepton energy if the decay is through the hadronic channel. Figure 2 also shows the solid angle available for neutrino observations, as a function of energy. The energy dependence of Ω could be readily understood. At low energies, the rapid decrease of Ω is a threshold effect: the UAS are not bright enough to be detected by the telescope even at the largest elevation angle observable from the telescope position. On the other hand, Ω decreases at high energy because of the obscuration by the Earth. The maximum value of Ω occurs at the energy threshold.
E. Energy threshold and energy resolution
The threshold of a downward looking IACT could be estimated from the known thresholds of the upward pointed IACTs. Assuming similar trigger conditions for the upward and downward looking IACTs (tens of photoelectrons contributing to the EAS image) we find a limit
where D tel is the diameter of the telescope dish (for a reflector) or entrance window (for a refractor telescope). This estimate reproduces the threshold of, e.g., the HEGRA-like telescopes FACT, and the Small-Size
Telescopes of CTA, which have the dishes with 4 m diameter and will observe showers developing at a distance R ∼ 10 km, comparable to the scale height of the atmosphere. For such setups, the above equation gives a threshold E thr ∼ 1 TeV. The molecular scattering optical depth of the atmosphere τ Rayleigh is wavelength dependent:
where R atm is the part of the path Cherenkov photons spend in the atmosphere below its exponential scale height of about 8 km. The exponential factor in Eq. (20) grows rapidly with the decrease of the elevation angle of the shower. For the distance range of interest, R atm ∼ 10 2 km (valid for elevation angles θ E ∼ 5 • ), the atmosphere is not transparent for the UV and blue light. The photosensors of the IACT should, therefore, be sensitive in the visible wavelength range to allow detection of the signal.
The rate of emission of Cherenkov photons by electrons in the Troposphere is estimated from the TammFrank formula
where n is the refraction index of the air and α is the fine structure constant. The number of Cherenkov radiation producing electrons in an EAS initiated by an interaction of a tau neutrino of the energy E producing a τ lepton of comparable energy, which subsequently decays in the atmosphere before suffering significant energy loss is estimated as N e ∼ 10 8 E/10 17 eV . GeV electrons lose energy on the Bremsstrahlung / ionisation loss distance scale l e 10 3 m so that every electron produces ∼ 10 
where α Ch 1.5
• is the Cherenkov angle in the Troposphere. [73] . The bottom panel shows the quasi-differential sensitivity, defined by the requirement of detection of one event per decade of energy [3] . The cyan and magenta curves show the upper limits from IceCube [3] and the Pierre Auger Observatory [45] . The black solid and dashed lines show analytical sensitivity estimates for HESE events in 1 km 3 and 10 km 3 ice-or waterCherenkov detectors.
Apart from the Rayleigh scattering, the UAS also suffers from scattering on aerosols. As it is discussed above, the aerosols could have both harming and beneficial influence on the UAS signal. The harming effect is the reduction of direct Cherenkov light coming from the UAS to the telescope. The beneficial effect is the spread of the Cherenkov photon flux into a wider cone with opening angle of about 10
• . This improves the visibility of the UAS at larger off-axis angles and leads to the increase of the effective collection area of the telescope system at energies well above the threshold. These two effects are taken into account in the numerical calculation used to derive the effective area and sensitivities in this paper. The "bump" in effective area in the 10 19 eV energy range (Fig. 2) is caused by the "beneficial" side of the aerosol influence. Contrary to the Rayleigh scattering, the wavelength dependence of the scattering on aerosol particles is weaker, typically λ −p aerosol , with the value of exponent p aerosol determined by the distribution of sizes of the aerosol particles. For our calculations, we adopt the scaling p aerosol = 1 so that τ aerosol 0.5 λ 500 nm
where R aerosol is the path length of the UAS through the aerosol layer, which is calculated assuming the scale height of the aerosol layer h aerosol 1 km [71] . The numerical code used for Fig. 2 and for the subsequent figures in the text takes into account both the molecular and aerosol scattering. The effective area shown in Fig. 2 is calculated for the reference wavelength λ = 550 nm.
The energy resolution of the CHANT system is different in the energy ranges below and above 10 17 eV, i.e., the energy at which λ τ l τ ; see Eqs. (4) and (5) . If the τ lepton decay distance λ τ is shorter than the energy loss distance l τ , then the τ lepton which decays in the atmosphere retains most (∼ 80%) of the energy of the primary ν τ . The "size" of the upgoing EAS (the number of Cherenkov photons N) is proportional to the energy of the τ lepton, and so provides a measurement of the energy of the neutrino. The energy resolution reachable with the Cherenkov telescope techniques is down to 10 − 20% [74] . It depends on the accuracy of reconstruction of the event geometry, on the statistics of the Cherenkov signal, with a statistical error ∆E/E N −1/2 , and on the statistical fluctuations of the EAS development.
The energy resolution degrades in the energy range E 10 17 eV in which the τ lepton suffers from the energy loss before decaying in the atmosphere. This poor energy resolution is a generic problem for all ultra-highenergy tau neutrino detection techniques. Measurement of the energy of the τ lepton based on the size of the EAS event provides only a lower bound on the energy of the primary ν τ .
F. Minimal detectable neutrino flux
The minimal detectable flux in an exposure T exp is estimated as E 2 dN ν /dE ∼ 3E/(A eff T exp Ω), where the factor of 3 accounts for the fact that only tau neutrinos are contributing to the detectable signal. These neutrinos constitute 1/3 of the total neutrino flux under the standard assumption of neutrino production in pion decays and maximal mixing between the muon and tau neutrino flavours. Substituting the numerical estimates for A eff and Ω computed in the previous section, one finds an estimate for the minimal detectable flux 
A more detailed numerical calculation of the minimal detectable flux, which takes into account the change of the regime of propagation of the τ lepton above 10 17 eV, is shown in Fig. 3 . The two panels of the figure show two different definitions of the sensitivity limit.
The astrophysical neutrino fluxes in different models (Galactic, extragalactic diffuse background generated by AGN, etc.) predict broad energy distributions of neutrinos, well approximated by power-laws over many decades of energy. A useful definition of the sensitivity limit is the minimal detectable flux calculated under the assumption of a power-law neutrino spectrum. The reference slope of the power-law adopted in a large number of publications is dN ν /dE ∝ E −Γ with Γ = 2. However, models of the PeV-EeV astrophysical neutrino flux also predict Γ different from 2. The top panel of Fig. 3 shows the sensitivity limit calculated for powerlaw spectra with arbitrary slopes. The red curve in the figure is an envelope curve for different minimal detectable power-law fluxes, as defined in Ref. [73] . For any Γ, the minimal detectable power-law spectrum is the straight line (examples are grey lines in the figure) tangent to the curve.
For each value of Γ, the minimal normalisation of the power-law flux is calculated from the requirement that the flux produces one detectable neutrino event in three years of operation, assuming a 20% duty cycle. The duty cycle estimate includes the account of the astronomical night time at moderate moonlight conditions [75] . Presence of optically thick clouds which prevent observations of the UAS from above further reduces the efficiency of detection of the UAS and reduces the observation duty cycle by a factor 1...2, depending on the efficiency of control of the cloud parameters with a dedicated atmospheric monitoring system [76] . The convenience of this way of presentation of the sensitivity limit is evident from a comparison of the power-law extrapolation of the measured astrophysical neutrino flux, assuming the slopes Γ = 2.5 and Γ = 2.2 (HESE and muon neutrino channel measurements by IceCube), with the sensitivity limits for these slopes. This shows that the extrapolated astrophysical fluxes are a factor of 10-100 higher than the sensitivity limits. This means that such flux levels are expected to give 10-100 events within a three year exposure, with the reference CHANT system.
The bottom panel of Fig. 3 shows another presentation of the sensitivity limit. In this representation, the neutrino flux at an energy E is assumed to be a power-law with the slope E −2 extending over an energy interval of fixed logarithmic width (one decade in energy) around E. The minimal detectable flux is required to produce one neutrino event within a given exposure time. This definition of sensitivity is adopted in Refs. [3, 45] which report bounds on the PeV-EeV band neutrino fluxes.
Comparing this "differential" sensitivity with the "integral" sensitivity for the power-law type spectra one can see that the integral sensitivity is better by a factor of 2 to 3 than the differential sensitivity in the energy range around 10 17 − 10 18 eV. The sensitivity of the space-based CHANT is up to two orders of magnitude better than the existing limits on neutrino flux in the energy range above 10 PeV [3, 45] , and is better than the sensitivity of ARA-37 and ARIANNA radio detection arrays [38, 39] .
The sensitivity depends on a number of parameters of the CHANT system, such as the shower detection threshold, wavelength range, altitude, size of the FoV. The dependence of the sensitivity on these parameters is discussed in Appendix A.
G. Background
There are three types of events which could occasionally be misinterpreted as neutrino induced UAS. First, random coincidences of excesses of the night photon background counts might occasionally exceed the detection threshold of the telescope camera. Another source of background is the signal from cosmic ray induced air showers. Finally, shower-like signals could be produced by the direct interactions of cosmic rays with the telescope and the focal plane detector.
Night Earth Background
A way to suppress the night Earth background (NEB) is to take only events with sufficiently high number of photoelectrons simultaneously triggering many adjacent pixels. This background suppression method is used in the astronomical observations of γ-ray sources with IACTs. Pixels of the telescope perceive the flux from the night Earth atmosphere with the counting rate [77] [78] [79] R ∼ 10 7 0.1
where 0.1 is the product of the optics throughput and photon detection efficiency of the photosensor, D tel is the diameter of the telescope, and Ω uas is the solid angle spanned by the UAS image. The NEB is a combination of the atmospheric airglow and scattered emission from the starlight. The airglow rate scales roughly proportionally to λ in the wavelength range of interest [77, 79] .
The brightness of the airglow component of the NEB depends on the position of the telescope pixel in the FoV. Pixels close to the Earth horizon direction perceive higher airglow flux due to the limb-brightening effect. The airglow layer is situated in the Thermosphere in the altitude range above ∼ 100 km. This makes the limb-brighening effect rather moderate for the directions below the Earth horizon. It is taken into account in the numerical calculation of the sensitivity curves.
We assume that part of the FoV affected by city lights is excluded from the exposure area as it is done for the space-based UHECR detector JEM-EUSO [66] . Pixels affected by strong city lights will be excluded based on the high background rate above a certain threshold, measured in the "slow mode" of operation of the telescopes (static photos taken at a fixed rate). Pixels affected by a moderate level human-induced light pollution below the threshold will still be used, with the EAS detection threshold adjusted according to the background rate level. The level of the background created by the city lights could be estimated based on the V band measurements reported in the Ref. [80] . The vertical emissivity of artificial lights varies from below 10 7 ph/cm 2 s sr at the outskirts of the metropolitan areas to more than 
in the V band at λ 550 nm, ∆λ 90 nm (and assuming that the city light emission is isotropic). The artificial background could exceed the airglow-related background by more than order of magnitude in relatively large city areas. This could produce chains of false triggers, if no special arrangement to increase the detection threshold in the pixels exposed to city lights is foreseen. Taking this into account, the level of the natural and human-made background light has to be continuously monitored on different time scales, because of the transient nature of some of the human-produced backgrounds. This would require a dedicated "slow-mode" of CHANT operation (similar to that of the EUSO telescope [81] ) in which photographs of the monitored region are taken at a rate higher than the typical time scale of variations of the human made backgrounds.
The NEB rate has also a contribution from the scattered moonlight. Strong moonlight limits the observation duty cycle. The experience of operation of groundbased Cherenkov telescopes shows that observations at different moonlight conditions are possible, especially with the Silicon photomultipliers which do not experience degradation at high illumination rates [82] . Only a small several day period around the full Moon and the direction of observations around the Earth surface projection of the line connecting the Moon to the telescope have to be avoided. We adopt an estimate of the 20% duty cycle which includes the scattered moonlight effect based on Ref. [75] .
Still another type of the signal from the night Earth could be produced by the lightning and the associated phenomena in thunderstorm regions (elves, jets etc). These phenomena occur on longer, millisecond, time scale. A dedicated trigger has to be set up for those phenomena, to avoid damaging of photo-detectors and to exclude the time intervals and pixels affected by the thunderstorms from the neutrino exposure areas. The strategy could be identical to that implemented for JEM-EUSO [83] .
Complexity of the multi-component NEB described above indicates that a detailed observational study of the NEB should be a subject of a dedicated R&D project, e.g. a dedicated balloon flight over representative areas such as, sea, scaresly populated ground, densely populated areas etc., before the full-scale CHANT mission.
The NEB induced triggers could be efficiently suppressed by suitable adjustment of the trigger threshold. In the simplest version, the threshold could be imposed on the minimal number of photoelectrons in the shower image, N thr .
The probability to find a fluctuation of the count rate of the night photon background comparable to the signal of an UAS, e.g., N thr = 20 photoelectrons within the time interval δt ∼ 50 ns in spread between several adjacent pixels spanning the solid angle Ω uas , is p ∼ 10 −26 for the average count rate given in Eq. (27) . Overall, the focal plane of the telescope assembly with the FoV 360
• × 30
• contains about N ∼ 3 × 10 5 different two-three pixel spots. The probability to find a fluctuation of the NEB above N thr anywhere in the FoV is Np ∼ 3 × 10 −21 in each time interval δt. Observations on the time span of T exp ∼ 10 3 days, with a duty cycle 0.2, provide about T ∼ 2 × 10 7 seconds of observation time, or about T/δt ∼ 10 15 possible time slots. The probability for a fluctuation above N thr to occur is therefore NpT/δt ∼ 10 −5 . Thus, choosing the detection threshold at about ∼ 20 photoelectrons in several adjacent pixels should be sufficient for the suppression of the random coincidence background for a particular choice of telescope parameters considered in the example. Note that the images of distant UAS detectable by space-based CHANT are typically very compact, spanning just oneto-several pixels in the focal plane (assuming the pixel size is about 0.1 • ). This is different from the groundbased IACTs, where the shower images are much larger. Compactness of the image reduces the NEB for the image detection (compared to the night sky background in the case of ground-based IACT).
UHECR event background
Another type of background for neutrino detection is generated by UHECR events. UHECR induced EAS produce Cherenkov and fluorescence light which might be mis-interpreted as the UAS Cherenkov light.
The fluorescence and scattered Cherenkov emission from the UHECR EAS tracks could be readily distinguished from the UAS Cherenkov signal based on different timing properties of the two types of signal. The Cherenkov emission from the UAS is beamed in the direction of the telescope, so that the signal is contained within a short time interval, typically within ∆t 10 − 50 ns. To the contrary, typical time scale of the UHECR signal is determined by the time of transit of the EAS through the atmospheric column of about 10 km. This takes 30 µs, a time scale which is longer by a factor of 100.
A faster signal from UHECR induced UAS is coming from the "Cherenkov mark" of the EAS on the ground. This mark is produced by the Cherenkov light scattered at the footprint of the shower on the ground (or on a cloud). The footprint spans several hundred meters on the ground and the time scale of the Cherenkov mark is at least a factor of 10 shorter than the time scale of the fluorescence signal from the EAS track in the atmosphere. The Cherenkov mark time scale could occasionally be as short as the UAS signal time scale.
Contrary to the direct Cherenkov light from an UAS, the emission from the Cherenkov mark of an UHECR shower is isotropized in the 4π solid angle. This means that the intensity of the scattered light from the footprint is typically πα 2 Ch /(4π) ∼ 10 −4 times weaker than that of the direct Cherenkov light. Cosmic rays which could trigger the downward looking IACTs should have energies at least 10 4 times larger than the energies of the tau leptons initiating the detectable UAS. Taking into account that the energy threshold for the UAS detection is in the 10 PeV range, the showers with detectable Cherenkov marks should originate from UHECR with energies about 10 20 eV. The UHECR shower Cherenkov mark background for the UAS detection could be suppressed via identification of the fluorescence track component of the same UHECR showers. Indeed, a shower which produces a strong Cherenkov mark containing more than N thr photoelectrons would typically have much more photoelectrons constituting an image of the EAS track [84] . This is true also for the showers with particularly strong Cherenkov marks on optically thick clouds [76] . As it is mentioned above the fluorescence track image is formed on much longer time scale of ∆T 30 µs. The NEB accumulated on this time scale has statistics R∆T by a factor of 100 higher, compared to the background within a δt window of the UAS Cherenkov signal detection. The fluorescence track is detectable if the statistics of photoelectrons in the track exceeds the background fluctuations, √ R∆T. The threshold for the UAS detection could be adjusted in such a way that the UHECR Cherenkov mark events could be efficiently rejected based on the detection of the fluorescence track features. For the particular choice of parameters of the reference CHANT system, this requirement gives an adjusted threshold value close to that needed to suppress the NEB.
Still another tool for discrimination of the UAS and UHECR Cherenkov mark events is available in the case of the UAS in which the tau lepton decays via hadronic channel (approximately 60% of all the events). These UAS have a significant muon component. Low energy (1-10 GeV) muons in the UAS lose energy via ionisation, ∼ 2 MeV/(g/cm 2 ), on the distance range ∼ 100 km. Longer tracks of muons (compared to the electromagnetic shower component) produce UAS tracks resolvable with a telescope of 0.1
• resolution, even from distances ∼ 10 3 km [85] . The time scale on which the muon trace of the UAS could be seen is much shorter than that of the fluorescence signal from the UHECR shower tracks, because of the strong Doppler beaming of the signal. This time scale difference provides a discrimination between the fluorescence tracks of UHECR EAS and the muon Cherenkov tracks of the UAS events.
Events produced by neutrinos with energies in the UHECR range occur in a very thin layer close to the Earth limb. In this region a higher cosmic ray event background is produced by the horizontal EAS initiated by cosmic rays with nearly horizontal incidence angles. This background could be rejected in a straightforward way, by retaining only the events which develop below the Earth horizon. However, limited angular resolution of the telescope would not allow rejection of the cosmic ray events in a narrow strip of the width about the telescope point spread function, θ PSF 0.1 • . We take this into account by imposing a veto on events occurring in this strip. This reduces CHANT sensitivity in the energy range above 10 19 eV.
Background from cosmic rays hitting the detector
Still another type of events which could mimic the UAS signals could be produced by interactions of cosmic rays with the detector. A cosmic ray passing through the photosensor would induce a particle cascade which might produce a signal above the detection threshold N thr . Such a signal might even be spread over several pixels if the cosmic ray energy is high enough and the incidence angle is large enough. This type of events could be rejected based on the morphology of the image. The event induced by a cosmic ray hitting the detector has a "single pixel" or a "track" morphology, depending on the parameters of the cosmic ray. Events produced by cosmic rays hitting other parts of the telescope (lens and baffle) would produce events with morphology of diffuse wide "spots." To the contrary, an event produced by an UAS has imaging characteristics determined by the shape of the telescope point spread function. For example, the EUSO refractive optics produces a PSF with a characteristic vignetting pattern and this is typical for any wide field-of-view optics [86] . Detailed analysis of the background induced by cosmic rays hitting the telescope would require simulations which take into account the detailed geometry of the system, choice of materials etc. It is outside the scope of this paper.
III. DISCUSSION
We have demonstrated that observations of UAS with the space-based CHANT can detect astrophysical neutrinos with energies above 10 PeV. Development of the new technique of observations of UAS with IACT systems can complement existing neutrino detection techniques which run out of signal statistics above several PeV energy. To see the complementarity explicitly, it is useful to directly compare the sensitivities of the two techniques directly.
A. Comparison with the sensitivity of water and ice Cherenkov detectors to the neutrino flux
The established technique of detection of the atmospheric and astrophysical neutrinos is via sampling of Cherenkov light from the tracks or showers of charged particles produced via charged current interactions of neutrinos. The IceCube telescope detects the Cherenkov radiation using a km 3 scale network of photomultipliers buried in Antarctic ice.
A first determination of the sensitivity of IceCube like detectors could be found from an estimate of its effective area, which is a product of the geometric area of the detector A geom 1 km 2 times the efficiency of detection of neutrinos passing through the detector volume. The neutrino mean free path in ice or water is 
The observation solid angle of the HESE events is macroscopically large at all energies, extending to nearly the whole sky below PeV energy range and shrinking to less than 2π at higher energies, that is in the energy range in which the Earth is not transparent to neutrinos. Figure  3 shows an estimate of the IceCube sensitivity for HESE events assuming 2π angular acceptance. This estimate does not take into account the loss of efficiency of the detector for events with energies close to the detection threshold. It also does not take into account the deviation of the energy dependence of the neutrino interaction cross-seciton from the powerlaw. The esitimate is valid only for the HESE events. The through-going muon event detection channel is characterised by larger effective area at high energies, but it is also characterised by the smaller angular acceptance, due to the opacity of the Earth. Account of the thoughoing muon detection channel results in higher sensitivity at the highest energies, as shown in Fig. 4 .
A ten-fold increase of the detector volume planned for the IceCube Generation 2 facility will result in an orderof-magnitude improvement of A eff and, as a result, of sensitivity for the HESE events. However, one could deduce from Fig. 3 that even in this case the sensitivity of the IACT array is better than the ice-Cherenkov detector in the energy range above 10 16 eV. The superior sensitivity of the space-based IACT is crucial for the study of the spectrum of the astrophysical signal and, in particular, for the detection of a possible high-energy cut-off of astrophysical neutrino spectrum. Such a cut-off is expected for the Galactic component of the neutrino flux, because our Galaxy could hardly host sources capable of producing cosmic rays with energies up to 10 18 eV. If this is so, cosmic ray interactions in the sources and in the interstellar medium could not produce neutrinos with energies higher than ∼ 10 16 eV. One more important advantage of CHANT is the precise angular resolution. Muon track features detectable in 60% of the UAS events provide a possibility for highprecision angular reconstruction of the UAS arrival direction, using the standard technique of the IACT systems. Typical precision of the reconstruction of directions of the EAS detected with IACTs is one-to-two orders of magnitude better than the angular resolution of the HESE signal in IceCube. Precise localization of the arrival direction of individual neutrino events on the sky is not crucially important if the neutrino signal is diffuse in nature. However, if the signal has a contribution from isolated individual sources, precise localization of the source on the sky is important for the source identification with the methods of multi-wavelength astronomy. In addition to multi-wavelength astronomy, localization of neutrino clusters in the sky is important to search for these extremely energetic sources through, e.g., correlation with bursting sources such as γ-ray bursts, AGN flares, compact object (black hole and neutron star) merger LIGO events, etc. CHANT will be able to provide a followup observations of the transient events on different time scales, depending on the configuration. A space-based telescope at low Earth orbit would scan the sky on the orbital time scale, T orb 90 min. The balloon and ground-based telescopes are able to do followup observations on 1 d time scale. For comparison, a ground based detector IceCube detector, being situated as the South Pole, has a possibility to instantly follow up the transient events in the Southern sky in the HESE detection mode and of events occurring in a narrow strip around zero declination in the through-going muon event detection mode in the 10-100 PeV energy range.
B. Detection of the cosmogenic neutrino flux
Another type of neutrino signal expected in the energy range above 10 PeV is the neutrinos produced in interactions of UHECR with the CMB and EBL. This signal 10 3 10 4 10 5 10 6 10 7 10 8 10 9 10 10 10 11 10 12 Energy, GeV [31] [32] [33] . Limits from Icecube [3] , Auger [45] and ANITA [46] are shown for comparison.
has not yet been detected, but it is generically expected to exist. The strength of the signal depends on a number of factors. First of all, it is strongly dependent on the nature of the highest energy cosmic rays. If they are protons, a large cosmogenic neutrino signal is expected to appear in the EeV energy range due to the interactions of the UHECR protons with the CMB. Another component of the signal at lower energies is expected from interactions of UHECR protons with the photons of EBL, see Fig. 4 .
The strength of the signal depends on the law of evolution of the UHECR source population. Model calculations shown in Fig. 4 span a range of spectral shapes and normalisations determined by different assumptions about cosmological evolution of the UHECR source populations (evolution which follows the star formation rate, or the AGN population, etc.).
If most of the UHECR are heavy nuclei, the energy per nucleon is below the pion production threshold for interactions with the CMB. Only the UHECR-EBL interaction component of neutrino flux is present, as shown in Fig. 4 . Most of the cosmogenic neutrino flux is in the 10 PeV energy band in this case. The strength of the neutrino signal also depends on the law of evolution of the UHECR source population.
The sensitivity level achievable with the UAS observations by space-based CHANT is in principle sufficient for the exploration of the full parameter space of the UHECR induced neutrino signal. Models that minimise photopion production at the source, while reproducing the spectrum and mass composition of UHECRs yield a neutrino flux considerably smaller than those shown in Fig. 4 (see e.g., Fig. 12 in Ref. [87] ). Even these extremely low neutrino fluxes will be within the CHANT discovery reach. In particular, the non-detection of the higher-energy "bump" of the cosmogenic neutrino spectrum (Fig. 4) would firmly rule out the possibility that UHECR flux has a sizeable proton component.
C. Space vs. balloon vs. ground-based IACT systems
The sensitivity of CHANT to UAS depends on the altitude of the telescope. The maximal observable area scales proportionally to the square of the distance to the horizon and proportionally to the altitude H, see Eq. (9). Thus, lifting the telescope to space provides up to two orders of magnitude gain in the effective collection area and, as a result, two orders of magnitude gain in sensitivity.
However, this gain is achievable only in the "full efficiency" regime in which the telescope triggers on UAS events occurring at the distances about R hor . Such UAS observed from higher and higher altitude become more and more distant. This leads to the shift of the minimal energy of the full efficiency regime of IACT systems at higher altitudes toward higher energies. The resulting sensitivity gain of the higher altitude IACT system is then less than two orders of magnitude. This is illustrated in Fig. 5 which compares the integral sensitivities of ground-based, balloon borne and space-borne CHANT systems with identical characteristics. One could see that lifting the telescope to space provides more than an order-of-magnitude gain in sensitivity for an E −2 type spectrum, compared to the groundbased system.
A balloon borne CHANT system can be an order of magnitude more sensitive than a ground system. How-ever, ground-systems can operate for longer periods. The newly started Super Pressure Balloons (SPB) campaigns by NASA [88] has vastly expanded the available observation time for balloon payloads. SPB technology enables flights for months. A sequence of flight campaigns can provide 300 days exposure over the ocean from 40 km altitude with significant gains as compared to a year long exposure of a ground base system. A CHANT-SPB balloon payload should be able to prove the space-based technology and discover the cosmogenic neutrinos. 
